Cereal aphids cause economic injury to wheat crops. In Argentina, Eriopis connexa is an indigenous ladybird. In the present study, the numerical response of E. connexa to changes in aphid density on wheat crops with high and low plant diversity was investigated. The study was carried out in Balcarce, Buenos Aires, Argentina, from September to December 2007 and 2008, on two wheat crops with either a higher plant diversity (HPD) with refuge strips or a lower plant diversity (LPD) without refuge strips. Crops were sampled every week and the abundance of aphids and E. connexa was recorded. The dominant aphid species were Schizaphis graminum, Metopolophium dirhodum, and Sitobion avenae. Eriopis connexa showed a linear increase in the numerical response to an increase in aphid density, which varied in space and time. The abundance of E. connexa increased in relation to the crop development and aphid population and was higher in the HPD than in the LPD system. This predator increased its reproductive numerical response only in 2008, with a significant liner response in the HPD system. This suggests that the potential of E. connexa as a predator of cereal aphids also increases directly in proportion to landscape vegetal diversity.
Introduction
Cereal aphids (Hemiptera: Aphididae) are among the most important pests on wheat crops in the world, since they are found in all temperate regions and cropping systems and have the potential to reduce yields [1, 2] . Depending on the species and the year, aphids can cause economic damage by direct feeding, by injection of toxins that cause yellowing, stunted growth, curled leaves, and malformations, or by transmission of viruses that cause indirect plant injury [1] [2] [3] [4] . As a result, aphid damage in wheat crops causes losses in yields and grain quality [5] [6] [7] [8] [9] [10] [11] .
Insecticide application is the strategy selected by farmers to control aphids in wheat crops around the world. However, the frequent use of a wide range of pesticides has caused many side-effects, including loss of biodiversity, secondary pest outbreaks, the development of insect resistance to insecticides, residual toxicity, and suppression of natural enemies [12] [13] [14] . As a consequence, promoting the activity of predators and parasitoids in growing systems to maintain aphid populations below the economic injury level remains a desirable goal [15] . Several groups of natural enemies can control aphid populations in wheat crops, such as parasitoid wasps (Hymenoptera: mainly Aphidiidae) and a very large number of predators such as hoverfly larvae (Diptera: Syrphidae), lacewing larvae (Neuroptera: Chrysopidae), and ladybird adults and larvae (Coleoptera: Coccinellidae) [16, 17] .
Aphidophagous ladybirds are important predators of aphids in agricultural crops and have been considered as biological control agents, given their ability and voracity to feed on a wide range of prey [18] . In Argentina, some important ladybird species are Eriopis connexa (Germar), Hippodamia convergens (Guérin-Méneville), Coleomegilla quadrifasciata (Schöenherr), Adalia bipunctata (Linnaeus), and Harmonia axyridis (Pallas) [19] . In Balcarce, Buenos Aires province, Argentina, Martinoia [20] determined that the dominant species on potato crops is the exotic H. axyridis, introduced from Asia, and E. connexa, an indigenous coccinellid species with an exclusive natural distribution in South America [21] . Adults of E. connexa are 3-4 mm length and have a hairless 2 International Journal of Ecology oval body and the elytra are black with twelve red and white spots [22, 23] .
Pest suppression by aphidophagous ladybirds in agricultural crops is affected by primary factors, such as the combination of prey and predator densities. This results in two effects: each predator increases its consumption rate when it is exposed to a higher prey density (functional response), and predator density increases when the prey density also increases (numerical response). However, the term "numerical response" comprises two different mechanisms: a higher rate of predator reproduction when prey is abundant, a "reproductive response, " and an attraction of predators to prey aggregations, an "aggregational response" [24] .
Like many natural enemies, adult coccinellids are transient predators, foraging within several habitats during the growing season [25] . For this reason, their diversity and abundance are expected to depend on both the abundance of prey within crop habitats and the structure and composition of the surrounding landscape [24] . It has been proven that habitat features, such as relative humidity, plant density, abundance of alternative foods, and other resources provided by plant diversity of the surrounding crops, can influence the spatial distribution of coccinellids [17, 26, 27] and other natural enemies in agricultural landscapes [28] [29] [30] [31] [32] [33] [34] . Characteristics of the agricultural landscape might influence the numerical response of coccinellids. However, the role of plant diversity in determining the numerical response of native coccinellids in wheat crops in Argentina has not been investigated. Therefore, the main objective of the current study was to characterize the numerical response of E. connexa to changes in the aphid density on wheat crops, with or without the introduction of a refuge strip to increase plant diversity. [20] . These plant species were selected to provide pollen, nectar, overwintering refuges, and potential prey resources for natural enemies. Two small plots Nine sampling sites consisting of four plants were randomly selected for each sampling date. On each sampling date, we quantified all the aphids and coccinellids present by carefully inspecting each plant. Larval stages of coccinellids that could not be identified were taken to the Service and Research Unit of the Agricultural Zoology Laboratory (LISEZA) at the UIB, and reared to adulthood in a growth chamber, under 16L : 8D light conditions; 22 ± 2 ∘ C temperature, and 80% relative humidity. Emerging adults were identified using an Olympus 160x stereoscopic microscope and the taxonomic key of Saini and de Coll [22] , and the entomological collection of insects of LIZEZA was used for reference. We investigated the numerical response of predators by plotting aphid density against concurrent variation in adults and larvae of E. connexa recorded in the same year, for each management system.
Materials and Methods

Study
Statistical Analysis.
Our primary analysis applied a generalized estimating equations approach, which is appropriate for longitudinal data because it allows for within subject repeated measures examination of change over time as well as correction of variance estimates for correlated data within subject. Aphid and coccinellid abundance was modeled using a negative binomial error distribution and a log-link function, specifying an exchangeable working correlation structure, which provided a good fit to the data. For each environment, the Wald Statistics using Type III empirical standard error analysis was used to test differences between means [35, 36] . To determine if a relationship existed between the abundance E. connexa and the abundance of aphids, a regression model was fitted. Then, an analysis of covariance (ANCOVA) was performed to compare between slopes of the regression lines between treatments [36] . All statistical tests were considered significant at < 0.05.
Results
Species Composition and Seasonal Abundance of Aphids and Coccinellids on Wheat Crops with a High or Low Plant
Diversity. The English grain aphid Sitobion avenae (F.), the rose-grain aphid Metopolophium dirhodum (Walker), and the greenbug Schizaphis graminum (Rondani) were the most frequently recorded aphid species throughout the cerealgrowing season. Sipha maydis (Passerini) was also identified, but its abundance was very low and was limited to a few plants surrounding the plot. The English grain aphid was the last species to colonise wheat each season and the most abundant species (Table 1; Figure 2 ). There were significant differences in cereal aphid populations among the two management systems both in 2007 and 2008, with most aphids being found in the LPD area ( 1,18 = 8.8, < 0.01). There was no effect of weeks ( 15,18 = 15.07, N.S), and between years, aphid abundance was significantly higher in 2008 than in 2007 ( 1,18 = 9.08, < 0.01). The interaction term was nonsignificant ( 1,18 = 3.77, N.S). The most abundant aphidophagous coccinellid species in wheat crops was E. connexa (85.76%), followed by H. axyridis (10.68%), Coccinella ancoralis (Germ.) (1.48%), Scymnus argentinicus (Weise) (1.04%), and Hyperaspis festiva (Mulsant) (1.04%).
In contrast to aphid populations, most E. connexa individuals were found in the HPD area ( 1,18 = 12.08, < 0.01). There was no effect of week ( 15,18 = 13.5, N.S), and between years, the abundance of E. connexa was significantly higher in 2008 compared to 2007 ( 1,18 = 4.86, < 0.05). The interaction term was significant ( 1,18 = 5.35, < 0.05).
The aphid population densities in 2007 and 2008 increased progressively from October through November and then declined suddenly coincident with the large increase in E. connexa and plant physiology changes, close to physiological maturity (Figure 3) . Adults of E. connexa increased in abundance in relation to the development of the crop and aphid abundance, which reached its initial highest density at the end of October, after an increase in the abundance of Eriopis connexa showed a linear increase in its aggregational numerical response to aphid density, which varied in space and time. In both systems during 2007 and for LPD system during 2008, the abundance of E. connexa increased with an increasing abundance of aphids as indicated by positive and significant regression coefficients (Figure 4) . In 2008, the linear regression model was only significant in LPD (Figure 4) . Then, during 2008, E. connexa did not exhibit a numerical response to change in aphis density in HPD (Figure 4) .
During 2007 (ANCOVA, t-test = 0.45, N.S) and 2008 (ANCOVA, t-test = 0.17, N.S), there were no significant changes in the aggregational numerical response between management systems. However, in 2008, we registered an increase in the reproductive numerical response, which was greater for the HPD system (ANCOVA, t-test = 2.95, < 0.05) ( Figure 5 ). The presence of the first immature individuals was recorded at the end of October and at the beginning of September, and in both systems, the peak population of E. connexa larvae was recorded in mid-November. Similar to adults of E. connexa, most immature individuals were found in the HPD area ( 1,7 = 4.66, < 0.05) and there was no effect of weeks ( 6,7 = 5.8, N.S). During this period, the number of larvae increased, but no superposition of different larval stages within these stages was registered.
Discussion
Our analysis of the population density of E. connexa and cereal aphids showed that trophic interactions in wheat fields varied greatly between years and depended on plant diversity surrounding the wheat crop. The results showed that increasing the structural complexity of the habitat surrounding wheat crops resulted in a higher abundance of E. connexa that would account for the smaller abundance of cereal aphids registered in the HPD systems. Similar conclusions were reached in previous studies, where the increase in plant diversity in wheat crops increased the number of larvae of hoverflies and coccinellids [26] and aphid parasitism [34, 37] . Studies in other crops likewise concluded that protecting the natural vegetation surrounding agroecosystems [27, 38] and/or introducing plant species into strips as a refuge are practices that increase natural enemy abundance in cultivated areas prone to pests [13, 20, 30, 31] . In the current study, the regression models indicated that adults and larvae of E. connexa were more abundant in wheat fields when aphids were abundant than when they were not. Unsurprisingly, the numerical responses of E. connexa were affected by cereal aphid abundance, but the most important results of this study support the view that E. connexa dynamics is not only exclusively related to prey abundance but also to plant diversity. The positive effect of plant diversity on the reproductive numerical response is a consequence of the dependence of emerged ladybeetles in early spring on prey in hibernation areas when aphid densities in the fields are still low. Since the level of food supply affects the fecundity [39] [40] [41] and migration behavior of ladybeetles [39] , the availability of aphids in noncrop landscape elements is likely to impact the numbers and distribution of ladybeetles and associated biocontrol in agro-ecosystems [13] . Moreover, prey availability in shelter habitats in early spring can influence postoverwintering mortality, the fecundity of surviving coccinellids, and the phenology of dispersal into the crop [42] . In this study, we registered this type of effect, because during 2008, we recorded an increase in the abundance of E. connexa earlier in the HPD crop than in the LPD crop. This increase in the density of E. connexa did not result from an increase in the density of cereal aphids. Even if the abundance of cereal aphids could not account for that of E. connexa within this period, the presence of this coccinellid in the crops could be explained as a direct effect of the refuge strip. During the autumn of 2008, an increase in the abundance of aphids on M. sativa was observed. The presence of aphids in the refuges favored predator survival and increased their abundance before the early stage of wheat sowing. Furthermore, the presence of aphids in the refuges could be explained by the better reproductive performance of adult E. connexa and, consequently, the presence of larvae during 2008. Egg production in aphidophaga is usually related solely to the availability of prey. However, some studies have indicated that fecundity is also influenced by the prey quality [43] . Our results are consistent with those of Bianchi and van der Werf [44] , who established that reproduction and the associated control of pest aphids are affected by both the availability of nonpest aphids in noncrop habitats and the infestation date of pest aphids in wheat fields. When the infestation of wheat by pest aphids occurs early in the season, the prey availability of pest aphids alone is sufficient to allow C. septempunctata to attain its maximum reproduction. However, when the infestation by pest aphids is somewhat delayed, C. septempunctata becomes increasingly dependent on aphids in noncrop habitats. Therefore, prey availability in noncrop habitats might play a significant role in the conservation of ladybeetles and directly affect the numerical response of predators and consequently the biological control of cereal aphids in agroecosystems. It might be possible to enhance the population of coccinellids in the agricultural landscape by increasing plant diversity. Plant diversity supports prey diversity and provides refuge and additional resources such as pollen and nectar fecundity [13, [31] [32] [33] . As a result, coccinellids and other natural enemies should be able to respond better to the change in aphid densities in diverse habitats. In agricultural landscapes, it might be possible to enhance populations of coccinellids by manipulating plant diversity. The presence of refuges near wheat crops is particularly important in determining the local abundance of E. connexa. The augmentation of prey availability in noncrop habitats is one of the habitat management strategies that might preserve predators in agricultural landscapes and increase their effectiveness [13] . Moreover, individual predators might not need to travel far to obtain essential resources. This suggests that the potential of E. connexa as a predator of cereal aphids also increases directly in proportion to landscape vegetal diversity.
Conclusions
In summary, we observed an increase in the numerical response of E. connexa in an HPD system as measured by an increase in their abundance, reproduction, and early seasonal activity. For E. connexa, we demonstrated that enhancing plant diversity can result in an increase in the population abundance of this coccinellid predator. Even though an increase in plant diversity in the agroecosystems and its maintenance represents an additional cost for farmers, predator efficacy would increase over time and consequently, pest attack would be less likely to cause economically important damage.
